A waterhemp population (MCR) previously characterized as resistant to 4-hydroxyphenylpyruvate dioxygenase and photosystem II inhibitors demonstrated both moderate and high levels of resistance to acetolactate synthase (ALS) inhibitors. Plants from the MCR population exhibiting high resistance to ALS inhibitors contained the commonly found Trp574Leu ALS amino acid substitution, whereas plants with only moderate resistance did not have this substitution. A subpopulation (JG11) was derived from the MCR population in which the moderate-resistance trait was isolated from the Trp574Leu mutation. Results from DNA sequencing and ALS enzyme assays demonstrated that resistance to ALS inhibitors in the JG11 population was not due to an altered site of action. This nontarget-site ALS-inhibitor resistance was characterized with whole-plant dose-response experiments using herbicides from each of the five commercialized families of ALS-inhibiting herbicides. Resistance ratios ranging from 3 to 90 were obtained from the seven herbicides evaluated. Nontargetsite resistance to ALS has been rarely documented in eudicot weeds, and adds to the growing list of resistance traits evolved in waterhemp. Nomenclature: Waterhemp, Amaranthus tuberculatus (Moq.) Sauer var. rudis (Sauer) Costea and Tardif AMATU.
Waterhemp is a problematic weed in the midwestern U.S. crop production region and is notorious for its high reproductive output, extended emergence period, and rapid herbicide-resistance evolution (Costea et al. 2005; Steckel 2007; Tranel et al. 2011) . Waterhemp has evolved resistance to herbicides from six site-of-action groups, including ALS inhibitors (Heap 2014) .
The ALS enzyme, or acetohydroxyacid synthase enzyme, is the target site of five commercialized families of herbicides: sulfonylureas (SUs), imidazolinones (IMIs), pyrimidinylthiobenzoates, sulfonylaminocarbonyltriazolinones, and triazolopyrimidines (TPs) (Heap 2014; Tranel and Wright 2002) . Inhibition of ALS blocks biosynthesis of branchedchain amino acids and causes slow plant death, with characteristic symptoms including cessation of growth and chlorosis of meristems (Duggleby and Pang 2000) . Although ALS inhibitors are very effective herbicides, they surpass all other herbicide groups in terms of the number of weed species that have evolved resistance to them (Heap 2014) .
In the vast majority of cases reported, resistance to ALS inhibitors is due to single point mutations in the ALS gene that result in the encoded enzyme being less sensitive to herbicide inhibition (Tranel and Wright 2002) . More than 100 unique weed species-by-ALS-mutation combinations have been reported (Tranel et al. 2014) . In waterhemp, ALS gene mutations causing Trp574Leu, Ser653Asn, and Ser653Thr amino acid substitutions have been reported. The Trp574Leu substitution confers highlevel resistance broadly across all families of ALS inhibitors, whereas the Ser653 substitutions confer resistance most notably to IMI herbicides (Patzoldt and Tranel 2007) .
Another method whereby plants overcome ALS inhibition is enhanced metabolism that detoxifies the inhibitors rapidly after herbicide uptake. Such metabolic detoxification mimics the process that enables crop plants to be tolerant to ALS inhibitors . Compared with target-site resistance, metabolism-based resistance to ALS inhibitors has been reported in only a few species, including rigid ryegrass (Lolium rigidum Gaud.), blackgrass (Alopecurus myosuroides Huds.), rigid brome (Bromus rigidum Roth), wild oat (Avena fatua L.), late watergrass [Echinochloa phyllopogon (Stapf.) Koss.], and wild mustard (Sinapis arvensis L.) . The magnitude of metabolism-mediated resistance usually is modest, in the range of 10-fold, whereas target-site resistance to ALS inhibitors often is 100-fold or more (Tranel and Wright 2002; Yu and Powles 2014) .
A waterhemp population, designated MCR, was identified in Illinois with resistances to 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors and to atrazine, a photosystem II (PSII) inhibitor (Hausman et al. 2011) . Field experiments indicated that the population also was resistant to ALS inhibitors (Hausman et al. 2013) . In preliminary greenhouse experiments (described herein), we observed that plants from the MCR population exhibited two distinct resistance responses to normally lethal doses of ALS inhibitors: some plants were essentially unaffected, whereas others were substantially injured but nevertheless survived. We hypothesized that two different mechanisms of resistance to ALS inhibitors were present in the population. Research therefore was conducted to further investigate resistance to ALS inhibitors in the MCR population and to identify the underlying mechanism(s).
Materials and Methods
Plant Material, Greenhouse Cultivation, and Herbicide Application. The MCR waterhemp population was the focus of this research and was originally described by Hausman et al. (2011) . Seeds derived from waterhemp populations ACR and WCS, described by Patzoldt et al. (2005) , were used as references. Population ACR contains the ALS Trp574Leu substitution and population WCS is sensitive to ALS inhibitors. Seeds for both ACR and WCS were obtained from controlled crosses in the greenhouse and are highly uniform for the presence and absence, respectively, of the Trp574Leu ALS substitution.
Seeds were stratified before planting to improve germination as described by Bell et al. (2013) . Stratified seeds were sown in plastic inserts containing commercial potting mix (LC1 Professional Growing Mix, Sun Gro Horticulture, Inc., 110 110th Ave. NE, Suite 490, Bellevue, WA 98004). When seedlings displayed one or two true leaves they were transplanted to individual inserts containing the same potting mix. A second transplantation was done when the seedlings were 5 cm tall. For the second transplanting, plants were moved into 11-cm square pots filled with , or imazethapyr, 70 g ha 21 (equivalent to 43 and 13 typical field use rates, respectively). Surviving plants were evaluated for the presence of the Trp574Leu ALS mutation using a polymerase chain reaction (PCR) restriction fragment length polymorphism essentially as described previously (Foes et al. 1998) . Primers used for the PCR were AmALS-F2 and AmALS-R2 (Table 2) . Two plants that lacked the mutation were crossed and the resulting progeny was designated JG11.
ALS Gene Sequencing. The portion of the ALS gene encoding the mature protein was sequenced from eight JG11 plants that survived at least 17 g ha 21 primisulfuron when 10 to 12 cm tall. PCR products were generated with primers shown in Table 2 and fragments were sequenced without cloning using previously published procedures (Riggins et al. 2010) . At least one resequencing was performed when ambiguous or putative heterozygous nucleotides were identified. Sequence data were compared and aligned with FinchTV software v1.4 (Geospiza, Inc., 100 West Harrison, North Tower, Suite #330, Seattle, WA 98119). Waterhemp ALS gene sequences from WCS, ACR, and an IMI-resistant population, IR-101 (which contains a Ser653Thr mutation; Paltzoldt and Tranel 2007), were obtained from GenBank (accessions EF157818, EF157819, and EF157821, respectively) and used for comparison.
ALS in Vitro Assay. Leaf tissues of WCS, ACR, and JG11 waterhemp populations were collected from plants when they were 15 to 20 cm tall. New leaves from plant apices were selected, and about 6 g of fresh leaf tissue (pooled from 10 to 15 plants from each population) were frozen with liquid nitrogen. Protein was extracted and used for in vitro ALS enzyme assays essentially as described by Schmitzer et al. (1993) . Protein concentrations of the extracts were determined with a Nanodrop 1000 spectrophotometer v3.7.1 using Coomassie Plus (Bradford) Assay Kit (Thermo Fisher Scientific, 81 Wyman St., Waltham, MA 02454). Protein concentrations ranged from 1 to 1.5 mg ml 21 and were diluted to 1 mg ml Park, NC 27709) in 9% dimethyl sulfoxide (DMSO) was added to reactions to obtain final concentrations in 10-fold increments from 0.033 to 330,000 nM imazethapyr, all with 3% DMSO. The no-herbicide control treatment also contained 3% DMSO. A spectrophotometer blank was obtained by adding H 2 SO 4 to the reaction before adding protein (Schmitzer et al. 1993) . Two separate extracts were obtained from each population for two independent assays, and each assay contained three replications of each treatment (treated statistically as subsamples). Enzyme dose-response data were fit to a four-parameter, nonlinear logistic model in the ''drc'' package of R version 3.0.0 (R Core Team 2013) as described by Knezevic et al. (2007) .
Whole-Plant Dose Response. Uniform, 10-to 12-cm-tall plants were selected from JG11 and WCS populations and treated with a range of dosages of primisulfuron, sulfometuron, imazethapyr, imazapyr, pyrithiobac, propoxycarbazone, or cloransulam (Table 1) . Plants from the ACR population were included only at the highest dosage of each herbicide. After herbicide application, plants were returned to the greenhouse and placed in a randomized complete block design. Each treatment had four replicate plants and each herbicide was evaluated in two separate runs. At 21 d after treatment (DAT), plant injury was visually evaluated and recorded using a scale from 0 to 100, with 0 indicating a plant was dead and without any green tissue and 100 indicating no observed injury. Aboveground plant tissue was harvested and dried at 65 C for 4 to 7 d before collecting dry weight data. Dry weight data (m) and visual rating data (v) were combined to obtain an adjusted dry weight (y) using the function: y~mv=100 ½1
This adjustment to dry weight partially accounts for inherent plant-to-plant growth-rate differences in a highly variable species such as waterhemp. For example, a plant that was killed by the herbicide will have an adjusted dry weight of zero, regardless of its actual dry weight. Adjusted dry weights were expressed relative to the mean of the corresponding population's noherbicide control. Data from the two runs of each herbicide were pooled and, because Levene's test for homogeneity of variance was not significant, the combined data were fit to dose-response curves as done for the enzyme dose-response data. (Ma et al. 2013) . Plants were treated when 10 to 12 cm tall and evaluated 14 DAT as described for the dose-response experiment. Each treatment included six replicate plants and the experiment was repeated in time.
ALS Inhibitors
Combined with Malathion. Waterhemp plants from the WCS and JG11 population were
Results and Discussion
In a preliminary greenhouse experiment, plants from the MCR population-a population initially described by Hausman et al. (2011) as resistant to HPPD inhibitors and atrazine-survived a normally lethal rate of either an SU (chlorimuron) or an IMI (imazethapyr) herbicide. However, two distinct resistance phenotypes to ALS inhibitors were observed: some plants appeared to be highly resistant, with no apparent herbicide injury, whereas other plants appeared to be only moderately resistant, displaying stunting and chlorosis (Figure 1) . All the plants in Figure 1 were evaluated for the presence of the Trp574Leu ALS mutation, which is the most commonly known mechanism of resistance-and confers a very high level of resistance-to ALS inhibitors in waterhemp (Patzoldt and Tranel 2007) . All plants that were highly resistant but none of the plants that were moderately resistant to ALS inhibitors contained the Trp574Leu mutation (data not shown). Two plants lacking the mutation were crossed. The resulting progeny, designated JG11, was used for all subsequent experiments.
ALS Gene Sequencing. ALS gene sequences were obtained from each of eight JG11 plants that survived primisulfuron at dosages lethal to WCS plants, and aligned to reference sequences (Figure 2) . Relative to WCS, 29 nucleotide polymorphisms were observed in the JG11 population. The high ALS gene diversity was not surprising and previously has been reported in waterhemp (Tranel et al. 2004 ). Most of the diversity was due to synonymous polymorphisms, however, with only six resulting in amino acid polymorphisms.
Amino acid substitutions at neither Trp574 nor Ser653 were identified in the JG11 population. Substitutions at these two positions previously were identified in waterhemp resistant to ALS inhibitors, and are illustrated by the ACR and IR-101 biotypes. Amino acid substitutions also were not identified at any of the other six amino acid positions previously implicated in weeds resistant to ALS inhibitors (Tranel et al. 2014) . The six amino acid substitutions identified in JG11 were shared among the plants sequenced (although the zygosity of each substitution was different among plants) but nevertheless are unlikely to be responsible for resistance: these same substitutions relative to WCS were identified in ACR and IR-101. In addition, these amino acid substitutions were observed in other weed species as well, in both resistant and susceptible biotypes, suggesting that they are in nonconserved regions of ALS and not associated with herbicide resistance (Diebold et al. 2003; McNaughton et al. 2005; Patzoldt and Tranel 2007) .
ALS in Vitro Assay. To further investigate the role of possible target-site alterations on resistance in the JG11 population, herbicide dose-response curves for ALS enzyme activity were obtained (Figure 3) . The response curves for WCS and JG11 were essentially identical, and the estimated 50% effective doses for WCS (1,642 nM imazethapyr) and JG11 (1,559 nM imazethapyr) were indistinguishable (P 5 0.92). In contrast, ACR, which was included as a positive control, demonstrated target-site resistance with only a modest reduction in enzyme activity even at the highest imazethapyr concentration. Taken together, results from both ALS gene sequencing and the ALS enzyme assay lead to the conclusion that the observed whole-plant resistance to ALS inhibitors in JG11 is not target-site mediated.
Whole-Plant Dose Response. A series of doseresponse experiments was performed to characterize whole-plant resistance of the JG11 population to ALS inhibitors. Injury symptoms typical of ALS inhibitors were observed on plants from both WCS and JG11 populations, whereas little or no injury was observed on ACR plants (data not shown). This Figure 1 . The MCR population contains two resistance phenotypes to acetolactate synthase (ALS) inhibitors. All plants shown survived after herbicide application, although some (e.g., plant above up-pointing arrow) displayed no herbicide injury and others (e.g., plant left of left-pointing arrow) displayed stunting and chlorosis. was consistent with our previous observations (e.g., Figure 1 ). Despite the injury observed to JG11 plants, this population exhibited significant resistance ratios (relative to WCS) to all seven herbicides, which included representatives from each of the five commercialized ALS-inhibitor chemical families (Table 3 and Figure 4 ). Although resistance ratios for some herbicides were modest (e.g., only threefold for pyrithiobac and propoxycarbazone) and could represent natural variability in herbicide sensitivity among different waterhemp populations, resistance ratios for primisulfuron, imazethapyr, and cloransulam were substantial, ranging from 11-to 90-fold. These latter three herbicides included an SU, an IMI, and a TP. Thus, the JG11 population exhibits broad resistance across ALS-inhibiting herbicides.
One characteristic of metabolism-based herbicide resistance is that it sometimes confers unpredictable cross-resistance to herbicides with different sites of action (Délye 2013) . For example, several weed populations with metabolism-based resistance to ALS inhibitors likely were selected by prior exposure to herbicides with different sites of action . It is noteworthy that the field from which the original MCR population was obtained did not receive an application of an ALS-inhibiting herbicide in the seven growing seasons before its collection (Hausman et al. 2011) . The presence of target-site resistance to ALS inhibitors in some MCR plants indicates prior selection in the field by ALS inhibitors, or immigration of resistance alleles from nearby fields. Whether the nontarget-site resistance arose the same way, or is a byproduct of selection by herbicides with other sites of action, is unknown.
ALS Inhibitors Combined with Malathion.
To determine whether the nontarget-site resistance to ALS inhibitors in the JG11 population might be due to cytochrome P450 monooxygenase activity, plant responses to herbicide with or without malathion were compared ( Figure 5) . Overall, the addition of malathion to herbicide resulted in greater injury to JG11 plants than that observed with herbicide alone. However, malathion alone resulted in substantial injury to both WCS and JG11 plants, which made ascertaining the synergistic herbicidal effects of malathion difficult. Nevertheless, for each of the five herbicides evaluated, herbicide plus malathion resulted in control of the JG11 population at levels similar to those obtained for WCS by herbicide alone. The observations obtained with the malathion experiment are consistent with resistance to ALS inhibitors being mediated by cytochrome P450s in the JG11 population. However, more research is needed to test this hypothesis. Ma et al. (2013) concluded that resistance to HPPD inhibitors in the MCR population was due at least in part to elevated cytochrome P450 activity. Possibly the elevated cytochrome P450 activity was selected by HPPD inhibitors, and this activity confers cross-resistance to ALS inhibitors. Alternatively, prior exposure of the population to ALS inhibitors and other herbicides may have played a role in selection of the enhanced herbicide metabolic capabilities of the population. Ma et al. (2013) also concluded that the MCR population has elevated rates of glutathione S-transferase activity, and this confers atrazine resistance in the population. Although it is far from clear as to how multiple resistance evolved in the MCR population, it is clear that this population contains multiple resistance mechanisms, and is resistant to inhibitors of PSII, HPPD, and ALS. The numbers of genes responsible for the various nontarget-site resistance mechanisms in the MCR population have not been reported. Genetic analysis, including cosegregation analysis of the different resistance traits, might provide insights on their evolutionary origins. On the basis of results reported herein, we conclude that the original MCR population contained both target-site and nontarget-site resistance to ALS inhibitors. To date, nontarget-site resistance to ALS inhibitors has been identified in very few eudicot weeds, with wild mustard being the best-characterized example (Veldhuis et al. 2000) . Unlike the broad resistance to ALS inhibitors observed in the JG11 population, resistance in the wild mustard population was specific to ethametsulfuron-methyl (Jeffers et al. 1996) .
The relative rarity of characterized cases of nontarget-site resistance to ALS inhibitors, particularly in eudicots, likely downplays how frequently it Figure 4 . Whole-plant dose responses of the experimental population, JG11, compared with a herbicide-sensitive population, WCS. Responses, which were measured using a combination of dry weights and visual observations and are expressed relative to the nontreated control, are shown for three r acetolactate synthase (ALS) inhibitors depicting the range in resistance levels observed (see Table 3 ). Vertical error bars represent 95% confidence intervals around each mean. actually occurs in weed populations (Délye 2013) . For example, nontarget-site resistance to ALS inhibitors recently was inferred in populations of corn poppy (Papaver rhoeas L.), but was masked by the presence of target-site resistance within the same populations (Délye et al. 2011) . Similarly, the MCR population contained high-level and broad cross-resistance to ALS inhibitors owing to the presence of the ALS Trp574Leu mutation. Only after the nontarget-site resistance in this population was isolated from the target-site resistance, as was done by generating the JG11 population, could it be characterized. Recent studies have begun to identify the genes that are involved with evolved metabolic herbicide resistance (Gaines et al. 2014; Iwakami et al. 2013 Iwakami et al. , 2014 . Increased awareness of nontargetsite herbicide resistance, along with candidate genes and next-generation sequencing technologies, promises rapid progress in our understanding of this significant weed management challenge.
